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ABSTRACT

In this paper the concept, operation and predicted performanCe of the
RF tracking control system used to point the Pioneer F/G spacecraft at the
earth is described. This system employs modified conical scanning technique
‘and is referred to as Conscan.

The spin of the spacecraft produces amplitude modulation of the uplink
communication signal when the spacecraft antenna is offset in peintingffrom’
the spin axis. This modulation is detected via a receiver AGC loop. The
phase and amplitude of the modulation (or Conscan signal) are then used to
determine the direction of the earth line from the spin axis and the magnitude
“of the angle (pointing error) between them. A digital signal processor is
employed to measure the phase and amplitude of the Conscan signal. The phase
information is used to issue firing pulses to precess the spacecraft to a new
pointing direction while the amplitude, which is proportional to the pointing
error angle, is needed to terminate the maneuver when the spin axis is within
some preselected pointing angle from the earth.

The signal processor is the most interesting unit of the system and is
described and analyzed in detail to show that it approx1mateskmax1mum ]1ke11hood
estimator. The dynamic behavior of the spacecraft and the stability ana1ys1s
of the system is presented demonstrating that the system performance is basically
determined by the open loop phase and amplitude error introduced by the antenna,
receiver and the signal processor. A detailed error budget is included to
show that the phase and amplitude errors are small. Finally, a summary of the
closed loop simulation and test data is presented to verify that the erfor
budget is realistic.



I. INTRODUCTION

The Pioneer F/G spacecraft being built by TRW Systems Group for NASA
is scheduled for launch in March 1972 and will be the first mission to
explore Jupiter. It will also be the first spacecraft having a "Conscan"
closed Toop attitude control system for pointing the high gain antenna at
earth. This attitude control system uses a conical scanning angle tracking
technique described in this paper. In the following sections a complete
system\description including implementation, closed loop dynamics and
performance is presented.

A dominant characteristic of the Jupiter mission is the extreme communi-
cation distance and the cost of raw power for signal transmission. To obtain
the required telemetry and comménd capability, a 9-foot antenna which can be
accurately pointed is used for Pioneer F/G. One practical technique available
to achieve accurate pointing is to implement an RF-angle tracking system.

With the spin stabilized spacecraft, a conical scanning (Conscan) angle tracker
can be simply implemented since the scanq1ng 1§ automatically provided when
the antenna pattern center of symmetry 1s offset from the spacecraft spin axis.

Figure 1 is a drawing of the spacecraft which illustrates the location
of the antennas and the precession thrusters. The main physical feature of
the spacecraft is the parabolic antenna reflector which has a tripod support
for the high gain antenna feed, feed movement mechanism and the medium gain
horn.

The basic Conscan technique described here is frequently employed with
ground andvairborne radars. However, the overall implementation of the Pioneer
Jupiter attitude control system is appreciably different from the common Conscan
radars. These implementation differences cannot be easily summarized, but
should become clear from the description presented in Section II.

The operation of the Pioneer Conscan system, in many respects, is similar
to the angular acquisition of a target with a conventional angle tracking radar.
In our case, after the earth (target) is acquired, the Conscan operation is
automatically terminated and can be initiated only be a ground command. Due
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to the motion of the earth and the spacecraft drift, conscanning has to be
repeated every few days (sometimes less frequently) throughout the mission.
The 1nterm1ttent operatlon ot on]y conserves_attlfude coptro] fpe] but the -0
e«pensmve dee ‘ i ﬁbe&@@ d@as

This paper is organized as follows: Section II presents a general system
description, while Section III provides detailed signal processor description
and ana]ysié. Section IV discusses stability considerations. In Section V
a performance assessment is presented including error budget and examples of
experimental results.

IT. SYSTEM DESCRIPTION

The Pioneer spacecraft Conscan system shown in Figure 2 is a closed loop
attitude control system for aligning the spacecraft spin axis and, therefore,
the body fixed antenna with an RF signal from the earth. This control system
can be best described as an impulse controller. The constanning operation
starts at a large pointing angle and a known precession step size and

terminates when the deadzone is reached. ;

The Conscan system is implemented B;ibffsétti g”%he antenna radiation
pattern inum the spacecraft spin axis. Due to this offset, as the spacecraft
spins (at aﬁprox1mate1y 4.8 R.P.M.), the uplink RF carrier received from the
ground station is amplitude modulated. The amplitude modulation is the error
signal and is detected by the receiver .automatic gain control (AGC) and the Conscan
processor. The amplitude of this error signal is approximately proportional
to the pointing error angle and is used to terminate Conscan when a preset dead-
zone has been reached, while the phase provides the timing pulse for the thruster
firing. It should be emphasized that only two additional units - the feed
movement mechanism and signal processor, are required to implement the Conscan
system other than those normally used for communication and open loop attitude
control. '
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As shown in the block diagram, two antennas are available for Conscan
operation. The medium gain antenna is a corrugated horn and is required for
acquisition and coarse scanning. The circumferential slots on the horn
interior suppress the backlobe level and thus minimize ripple due to inter-
ferometer effects caused by reflections from the high gain dish. The medium
gain antenna is permanently tilted 9.3 degrees from the spin axis, producing
a crossover. level of 1 dB. The choice of this crossover level is a compromise
between optimum Conscan performance and communication coverage requirements.
The 3 dB beamwidth is about 32 degrees and therefore this antenna could be
used to acquire the earth within 20 degrees of the spin axis. To minimize
‘propellént consumption, and operational costs, a deadzone for the medium gain
antenna of 1.3 degrees has been selected.

The high gain antenna consists of a 9-foot parabolic reflector with a
crossed dipole feed Tocated at the focus. For normal telemetry transmission,
the high gain antenna pattern is parallel to the spin axis and is only tilted
by about 1 degree (1 dB crossover) when the fine Conscan is required. The
high gain antenna, provides a pencil beam pattern of about 3.5 degrees beamwidth
and can be usedgfg; Conscan for-poinfing angles from at least 2.5 degrees to .
nominal deadzone of 0.3 degrees. The tilting of the antenna beam is accomplished
by mechanically offsetting the feed from the focus with the feed movement
mechanism. The mechanism incorporates a thermal actuator which upon ground

command, mechanically displaces the feed approximately 1 inch along the -Y axis.

The amplitude modulated antenna output is coherently detected by the
receiver AGC which provides abod%c70fd8 of dynamic range with linearity exceed-
ing t 10 percent. The AGC is primari1y required to remove Conscan signal
amplitude dependence on the received carrier power level which varies with the
communications distance. To simplify AGC Toop design and to reduce Conscan
signal harmonic interference, wideband AGC with about 1.8 Hz 3 dB bandwidth was
selected.

‘The main function of the signal processor is to estimate the phase and
the amplitude of the Conscan signal embedded in noise and interference produced
by wobble and antenna pattern distortion. The phase, or the zero axis crossing
information, is used to time the precession thruster firing so that the point-
ing error is reduced with minimum expenditure of propellant. The amplitude



information, which is proportional to the pointing error, is used to
terminate the thruster firing when the deadzone has been reached. The
selected digital implementation of the processor'approximates an optimum
maximum Tikelihood phase and amplitude estimator. An important character-
istic of this implementation is the need for an accurate spin rate or frequency
reference. In this application this reference is supplied by the sun sensor.
While the use of the spin rate reference results in a simpler and more opti-
mum processing, the compiexity of the overall system is somewhat increased by
the second Toop as shown in Figure 2. It is important to point out that

the signal processing does not require a phase reference, but does require
‘that the phase be stable during the computation period of 3 revolutions. The
choice of the digital versus analog implementation was easy since with the
extremely Tow Conscan frequency of 0.08 Hz, the digital implementation is
simpler and results in improved response, stability, and reliability.

The spin rate reference to the signal processor is supplied by the spin
period sector generator (SPSG). The SPSG is referenced from the sun sensor
which is used as an attitude reference*. The SPSG counts an internal clock
for one spacecraft revolution (time between sun pulses) and digitally divides
this number into 512 evenly spaced sectors. These timing signals are primarily
used for the scientific instruments and for the open-loop attitude control
maneuvers; however, they are also suitable to provide timing to the Conscan
processor.  The SPSG has another mode of operation in which the reference
frequency is based on the period of the previous 64 revolutions. This mode of
operation reduces the effect of phase jitter due to wobble.

The firing pulses from the signal processor are applied to the spacecraft
precession thruster pair. This pair consists of thruster No. 1 Tocated on the
+Y axis with the throat facing +Z direction and thruster No. 2 Tocated on
-Y axis with the throat facing.-Z direction. The application of the firing

* The sun sensor produces a single pulse on each revolution of the spacecraft
when the sun intersects the Y, Z plane on the +Y side of the spacecraft.
The one pulse per revolution signal is the "roll reference pulse" used by the
SPSG.



pulses to -this thruster pair produces a torque impulse. The torque impulse
causes a change in the direction of the angular momentum vector and precesses
the spin axis in the direction of the -X axis at the instant of pulse firing
by a constant amount, the precession step size. Since the pulses are narrow
(125 ms or 31.25 ms) relative to the rotation period of 12.5 seconds, the
applied torque can be considered as an impulse.

The firing of the thrusters also induces a wobble or nutational motion
of the spin axis about the angular momentum veétor. As shown in Appendix A,
there are two sinusoidal wobble terms at frequencies 1.85 wg and 0.15 wg (ws is
the spin frequency in rad/s). The higher frequency term is by far the larger
in amplitude and is slightly less than the precession step size. When computing
system errors, the two wobble terms can be approximated by an additive inter-
ference. Fortunately, because the wobble frequencies are far removed from the
Conscan frequency, most of the interference due to wobble is filtered out by
the signal processor.

As discussed in Appendix A, the wobble amplitude depends on the frequency
of pulsing or the number ‘of revolutions per precession step, r. For r > 4,
the maximum wobble amplitude becomes a sensitive function of the spacecraft
mass properties and theoretically can grow without bound for some circumstances.
To minimize wobble-amplitude and variation with mass properties, r = 3 was
selected. Note that with simple signal processor implementation, as discussed
in the following section, the choice of r also specifies the equivalent noise
bandwidth. Selection of r = 3 results in a reasonable compromise between
wobble and the thermal noise perfbrmance.



IIT. SIGNAL PROCESSOR PERFORMANCE

The most important and interesting Conscan system unit is the signal
processor. For this reason, in this section it is described and analyzed in
detail.

The block diagram of the implemented digital Conscan signal processor
is shown in Figure 3. This processor closely approximates the optimum maxi-
mum 1ikelihood phase and amplitude estimator of Figure 4.

The analog-to-digital converter samples at the rate of 128 samples per
second and uses the successive approximation technique to encode each sampled
value to an 8-bit binary word. The data is then mixed with an in-phase and
quadrature square wave reference signal and accumulated for two spacecraft
revolutions. The two accumulator outputs Acos 6 and Asin @ are input into the
comparator where the absolute value of the larger, |L|, and the smaller, |S|,
are computed. The amplitude is estimated by the computation algorithm
A= |L| + 1/2 |S| and results in a maximum approximation error of ¥ 6 percent.
In the amplitude comparator, the threshold setting for automatic Conscan ter-
mination is selected and the bias type error is compensated.

The phase estimation starts by computing the ratio {%1 in the divider
which is equal to tan e for |coss| > |sine| and to cose for |sing| > |cose].
The approximate computation of 6 from tano takes place in the phase counter
which counts at a nonlinear rate such that an approximation to the tangent
function is generated. The output of the phase counter is compared with the
computed l%{ parameter and a pulse is generated when they are equal. The use
of the approximate phase computation algorithm results in maximum error of
t25 degrees which 1is negligibly small. When the Conscan,signal amplitude is
above threshold, a firing pulse is generated to the spacecraft precession
thrusters.

The primary function of the Conscan signal processor is to reject both
narrowband and wideband (noise) interference-and, therefore, reduce phase and
amplitude errors. The processor performance with narrowband sinusoidal inter-
ference is best illustrated by the frequency response, while the noise per-
formance can be expressed directly in terms of the phase and amplitude errors.
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Since the filtering in the processor is accomplished by Fhe integrate
and dump devices, ideally we would get the we]] known 1512§l frequency response.
However, the multiplier reference signals are square waves, not sinusoids and

, of relative amplitude %u

therefore introduce odd harmonics, Nwg

As far as noise performance is concerned, one might expect that the
actual processor can be approximated by the maximum 1ikelihood phase estimator
of Figure 4. For this estimator, it has been shown that the lower bound on

the variance of the estimated phase is given by [1’2].
: ' ) 4
var(e) = .2 » [0 (O)]" (1)

8 — S
2T-$

where b'(6) is the bias term, S/¢ is the input power-to-noise density and T is
the integration time. For high post detection SNR, such as encountered in this
application, b'(e) << 1 and the mean square phase error can be approximated by

2 1/2

s = 2o 1 -l (2)
o 8 2T ;é. (20) /2
o

2 _
where gé-is the degradation due to square wave reference, PS/N0 is the signal

power-to-noise density at the receiver AGC output and p is the effective

SNR. The plot of equation (2) together with the measured performance is
presented in Figure 5. This verifies that implemented digital processor closely
approximates the maximum 1ikelihood estimator performance.

For some purposes it is convenient to define the processor noise bandwidth.
By comparing (2) with the phase variance at the output of a PLL, the
equivalent single-sided noise bandwidth can be defined as

1/2
s - () L= (3)
n 8 2T 2T

—t
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For the nominal integration time of 25 seconds, we get a noise bandwidth of
about 0.02 Hz. Note that with the digital implementation, the noise bandwidth
can be reduced if necessary by simple increase of the integration time.

The maximum-likelihood amplitude estimator is equivalent to the ideal
envelope detector used to detect sine wave in additive Gaussian noise[3].
Application of these well known envelope detector results to the processor
shows that the mean of the estimated amplitude A is

s p 1/2
a:’%(f—)' [mo)e'p’zxo(o/awh<p/2>e"’/z] -

where I0 and I] are the modified Bessel fun¢tions of order zero and one,
respectively, and the variance is

2

var [A] = P <]+-15-)-<K) v -

The amplitude error defined as the standard deviation and expressed in percent
of the mean is also given in Figure 5. It is interesting to point out that
the theoretical amplitude error asymptotically approaches 52.3% with the de-
creasing p, however, the estimator is biased and the mean of the estimate
increases due to the rectification of the noise.

IV. SYSTEM STABILITY

A stability ana1ysis of the closed loop Conscan system can be simply
performed because the system has an impulse controller and can be considered as
quasi-static. For three spacecraft revolutions a "best" estimate of the desired
precession direction is made. At the end of this period, the estimate is
available, with no transient error in the ordinary sense associated with it.

At this time, the momentum vector (which is normally fixed in inertial space

and determines the basic bointing direction) is precessed a fixed amount in the
estimated direction by a torque impulse from the thrusters. To determine stability,
only the error in the estimate of the direction, along with the effect of this

error on system behavior, need be considered.

-14-



When precessed, the resultant wobble is eventually damped out such that
 the spin axis and the momentum vector coincide. The wobble is bounded and since
its major effect is to decrease the accuracy‘in the estimate of the precession
direction, it can be treated as just another error source affecting the system
ability to estimate phase. The two destabilizing factors are wobble growing
without bound and precession at an improper angle such that the deadzone is not
~reached. With large pointing errors of the spin axis from the earth line, the

spin axis can be precessed at any angle less than 90° (phase angle < 90°)

and come closer to the earth in pointing. This is not true near the deadzone,
however. In fact, the maximum allowable phase error angle is a function only

of the deadzone and the precession step size. One can imagine that with a . _
very small deadzone and a large step size, it would be impossible to reach ¢07¥ﬁk”vk
the deadzone at all. ’

Bias errors are more critical than random errors when the system approaches
the deadzone. The system performance under the influence of introduced bias
error can be predicted by a simple geometric approach. A sequence of precession
steps from some arbitrary initial pointing error is performed geometrically
until the deadzone is reached. Phase bias error can be introduced into each
step and may be either constant, or a function of the pointing error as in the
case of antenna errors. The number of precession steps required to reach the
deadzone from some initial position as a function of the phase bias is a measure
of the system stability. This number of steps is normalized to the ideal number
(zero error). Since this normalized number is a measure of the fuel wasted, it
is called the "gas usage ratio". A plot of the gas usage ratio versus phase
bias is given in Figure 6. This plot is for the 1° deadzone and 0.32° (worst
case) precession step size that would normally be used with the medium gain
antenna. Since this figure is generated primarily from geometric considerations
it also applies to the Conscan with the high gain antenna if the ratio of the
deadzone to the step size is unchanged. Thus, Figure 6 is also directly applicable
to the high gain antenna with 0.125° deadzone and a 0.04° step size.

Although the gas usage ratio was derived from geometric considerations only,
the simulation results have shown surprising agreement with the analytical
predictions. The error used for both the geometric estimate and the simulation
was, however, an idealized constant bias, identical in both cases. In the
next section, some simulation and test results with random errors (noise) are
presented.

-15-
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V. PERFORMANCE

The closed loop Conscan'system performance is mainly determined by
the phase and amplitude errors. As discussed in the previous section, the
phase errors primarily determine the gas usage ratio. The amplitude errors
establish how reliably Conscan can be terminated at the selected deadzone.
In this section, open loop errors are described and related to the gas usage
ratio and probability of Conscan termination. Closed loop simulation and
test results are also presented to verify analysis. First, however, selection
of the deadzone is discussed.

The Conscan system is required to point the spacecraft high gain antenna
to within * 0.5% of the earth. In addition, this has to be accomplished with
a minimum amount of propellant and minimum operational cost. Since the errors
increase with decreasing pointing error angles, selection of a small deadzone
(0.10 for example) results in somewhat larger gas usage ratio. Selection of
a large deadzone (0.40 for instance) results in higher probability that
Conscan is automatically terminated before the pointing error is reduced to
0.5%. In this case, since the Conscan cannot be automatically initiated, a
ground command to spacecraft has to be transmitted. At extreme distances,
the propagation time is Tong (e.g., at Jupiter distance two-way propagation
time is 1 hour and 40 minutes) and repeated attempts to achieve the desired 0.5°
pointing error may not be practical. Fortunately, for small errors, gas usage
is not very sensitive to the choice of deadzone and it can be demonstrated that all
requirements can be met with a deadzone ranging from 0.1° to 0.4%. For the
high gain antenna a deadzone of 0.3° has been selected.

The error budget for the engineering model spacecraft is presented in
Table 1. Since many errors are approximately inversely proportional to the
Conscan signal amplitude and the noise errors depend on the communications
distance, this table is directly applicable to the pointing error of 0.3
degrees and the communications distance of 6 AU only. iote that a large
number of error sources such as Deep Space Station (DSS) antenna gain variation,

~transmitter amplitude modulation, spacecraft antenna even harmonics, polariza-
tion, ellipticity and frequency reference phase jitter have been computed and
found to be negligible.

-17-
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In general, it can be verified that the individual errors are un-
correlated. Still, the rigorous computation and interpretation of the total
error is complicated by the fact that the individual sources do not have the
same statistical distributions and some are slowly varying relative to the
Conscan time. For mathematical tractability, however, this problem has been
neglected and the total random error is computed by root-sum-squaring all
individual sources.

The worst case gas usage ratio can now be determined by treating the
computed total 3 sigma phase error (3 sigma random & bias in Table 1) as a
bias. Under this assumption, Figure 6 can be used and the three sigma gas
usage ratio corresponding to a phase error of 16.3 degrees is found to be less
than 1.1. Thus, the amount of gas wasted due to the imperfect phase measure-
ment is essentially negligible.

The total amplitude error establishes how reliably Conscancan be
terminated at the selected deadzone. Since the Conscan signal amplitude is
approximately proportional to the pointing error angle, these amplitude errors
can be converted to deadzone errors expressed in degrees which we will refer to as
pointing accuracy. For example, corresponding to the 7.25% total amplitude
error, for the nominal deadzone of 0.3 degrees, the one-sigma pointing accuracy
is 0.022 degrees. In Figure 7, the predicted pointing accuracy for other dead-
zones is plotted. Using results of Appendix B, it can be shown that even for
a 0.1 degree deadzone, Conscan operation will be terminated between pointing
error angles of 0.1 - Ae and 0.1 + Ae with probability of 0.99.

Verification of the system performance has been performed both by an
extensive simulation and by closed loop tests. This simulation and testing
included both nominal and worst case unit models and flight conditions. For
example, tests with worst case antenna ripple, mechanical misalignment and spin
rate variations have been included. In all cases, Conscan operation with increased

gas usage ratio was possible. Next, some typical simulation and test results are
described.

-19-
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Figure 8 is a simulation results and illustrates spin axis precession with
superimposed wobble.. It presents the "Conscan trajectory" which is a projection
of the spin axis on a plane perpendicular to the earth line. The circle re-
present wobble and confirms the existance of two wobble frequencies. The
almost ideal straight line path is in agreement with the simulation conditions
since idealized antenna, receiver AGC and signal processor models were used.

The primary objective of the simulation and the closed loop tests was to verify
the implementation concept.

The elliptical Conscan trajectory shown in Figure 9 illustrates the effect
of a bias error. It shows that the number of steps to reach the deadzone start-
ing from an initial position of 5% increases and results in propellant gas waste.
The 36° phase bias was intentionally inserted to verify system stability. A
phase error of this magnitude is not expected for any flight condition.

In the closed loop test of the system, the engineering models of the re-
ceiver, signal processor, and the spin period sector generator were used. The
spacecraft dynamics, antenna and the sun sensor were simulated on an analog
computer. A typical test trajectory is shown in Figure 10. The conditions under
which this trajectory was obtained correspond closely to the actual flight condi-
tions with the exception of larger communication distance (15 AU), and the fact
that the antenna mechanical alignment and antenna measurement errors were not
simulated. The trajectory is a straight line, indicating absence of phase bias
and the negligible effect of random (noise) errors. The large wobble amplitude
at the beginning of the trajectory is due to test implementation characteristics
and will not exist during the flight. The final trajectory, Figure 11, shows
the effect of extremely large phase bias. While the deadzone was still reached
without difficulty, the gas usage ratio increased to 1.7.
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CONCLUSION

We have shown that for the spin stabilized spacecraft, the Conscan
system described here can be very simply implemented. We have also presented
analytical and experimental results which verify that the 9-foot spacecraft
antenna can be accurately pointed at the earth (0.3 degree deadzone).

The present Conscan system, with minor modifications, can be used for
Advanced Pioneer missions to other planets. To improve communications
performance, Advanced Pioneer might employ larger deployable antennas and use
X-band frequency on the downlink and, therefore, require more accurate point-
ihg. Preliminary analysis indicates that Conscan system performance can be
easily improved to meet this more stringent pointing accuracy requirement.
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APPENDIX A
SPACECRAFT DYNAMICS

7

In this appendix, a simplified description of the dynamic behavior
of the spacecraft is presented. The implications of this behavior on the
Conscan design are discussed.

The basic equations describing the motion of the spacecraft are the

Euler equations:

oI -1 LT
‘( 2 Z w w X
I I
l:) = IZ - IX W w ‘Tz
y I X "z g
y y
w = IX B Iy_ w - T
z % U)y Z
I 1
z Z
where
Ix y.z = spacecraft principal moment of inertia
2 9
about x, y or z axis.
Tx,y,z = torque about-x, y or z axis
w = angular velocity about x, y or z axis
XsY 2

For brevity in this paper, these equations do not include a number of effects
which have been considered, namely, flexible body effects and damping by the wobble
damper. “
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The above general equations can be simplified for the Pioneer spacecraft.

The spacecraft configuration is such that the thrusters only apply a torque
about the x axis, thus Té = Ty = 0. Spin rate changes during precession are
negligible such that w, = wg> 2 constant. No other simplification can be made
without hiding some important effects.

- The precession control is obtained by firing the thrusters at the
appropriate time to precess the spin axis (zb) in the desired direction.
When this occurs, the momentum vector moves to the new position and the spacecraft
wobbles about this position as described by these equations. The proper firing
time is computed by the signal processor which detects the earth spin axis plane
and issues a signal when the thrusters are in the proper position.

After the appropriate introduction of kinematics and Euler angles, these
equations can be solved by ordinary Laplace transforms. The spin axis is
projected onto a fixed inertial plane (called the & plane) containing the path
of the momentum vector. The projection of the spin axis onto the s plane is

given by the solution of the Euler equations. This result describes the wobble
motion and is given by:

k -1 2T

() = —57 5 =) sin-ég
w (k" -1) “x

T sin kg2rsin Nknr _ kx + k
k+1

+

sin[(1 + k) w t + ¢.]
2 S 1
Ikkw sin kwr
X X 8

+ k - kx
¥ =5 sin [(1 - K wst + q>2]
where
I ~1I I -1
k A N A k = Z Ky k=k &k = 0.85,
X I I Xy
X y y
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Figure A-1. Geometry of the Spin Axis and the Momentum
Vector Path.
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-
]

torque applied = 8.5 ft 1b

X

¢ = angular width of thruster pulse fired - 3.6° for medium
gain antenna pulses

wg = the vehicle spin rate = 0.503 rad/sec

r = number of vehicle revolutions between thruster

firings = 3

A1l of the above are constants. The only remaining terms are N, the number
of pulses fired, phase angles 91 and 9o which depend on initial conditions,
and time, t. The interpretation of the solution is now simplified.

The first term in the solution is a constant multiple of N. That is,

each pulse fired causes the centroid of the angular position (the momentum
vector) to increase by a constant amount equal to the precession step size.

This term nominally describes the position of the momentum vector. The

second term in the solution is sinusoidal, and describes the wobble motion
about the momentum vector. Damping of wobble is not included in this simplified
solution. If it was included it would show that the wobble eventually dies

out after the pulse firing is terminated. Note that two wobble frequencies
occur, (1 + k)wS and (1-k)w5; The first of these is the larger in amplitude and

dominates the appearance of the wobble.

The term outside the brackets is of great importance for Conscan since it
contains the term sin kar in its denominator. For some combinations of k and r,
this term can be zero which implies that the wobble can grow without bound if
pulsed enough - note the term sin Nknr in the numerator. In the Conscan
processor, it is desirable to compute the phase and amplitude signals for a
relatively long time (multiple of spin period) to improve the accuracy. A
tradeoff is made in the selection of r between wobble interference with the
Conscan signal and the processor noise bandwidth described previously. The
wobble amplitude can be very large since for large r, the term sin kmr is very
sensitive to small changes in k. If (sin knr)'] is plotted for different values
of k as a function of r, it is seen that local minima occur as shown in
Figure A-2. For k = 0.87, the minima are at r = 3.7, 11.5, 10.5, etc. For
k = 0.85, the minima occur at r = 3.3, 10, 16.6,... Since it was predicted
that k would be about 0.85, the value r=3 was selected for the optimum interval
between pulse firings.
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APPENDIX B
CONSCAN TERMINATION PROBABILITY

Assuming that the amplitude measurements from pulse-to-pulse are
uncorrelated, the probability that Conscan has not been terminated Pc(e),
at pointing angle, ¢, can be approximated by the cumulative probability

N
Pc(e) 1 1- PT[ei - (A€)n]
n=0
where
€_i - €
N = e = number of precession steps
e; = Initial pointing angle
(Ae) = Precession step size

PT(a) is the single shot probability of crossing threshold at angle a.

Since the total error is a sum of many statistically independent variables,
using Central Limit Theorem, it can be justified that the sum has a Gaussian
distribution. Therefore, PT(a) if found from

where —
y - AT - A
AR
AT = threshold setting
A = signal amplitude at the threshold detector input
AA = total 1 sigma error at the threshold detector

input presented in Table 1

Using the above expressions, it can be shown that even for a deadzone of
0.1 degrees the Conscan operation will be terminated between pointing error
angles of 0.1 -Ae and 0.1 + Ae with probability of 0.99. '
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